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In ultrafast ytterbium-doped fiber amplifiers, the onset of nonlinear effects, especially self-phase modulation (SPM), implies limited pulse energies. One way to overcome this drawback is to use large mode area (LMA) fibers that are less subject to SPM effects at equivalent output powers. This core size scaling is limited by the appearance of higher-order transverse modes, thereby limiting the scalability. A solution to reach higher energies consists in coherently combining the outputs of several fiber amplifiers in free space. This approach has recently been demonstrated in femtosecond regime with two fiber amplifiers, both in active [1] [2] [3] and passive [4] architectures.
In contrast with CW [5] and ns [6] regimes, the efficient combination of femtosecond pulses requires the optical phase to be matched over the whole spectrum: in addition to the zero-order phase stabilization, the shape of the spectral phase must be identical in both arms. In the linear amplification regime (negligible B-integrals) and for pulses longer than 100 fs, this essentially means that the two first orders of the spectral phase, i.e. group delay and group-delay dispersion, should be identical. Experiments showed that a static adjustment of these quantities is sufficient to obtain good combination over hours [2] and high efficiencies up to 97% have been demonstrated [1] . However, all practical high-energy femtosecond fiber systems operate at non negligible B-integrals. In these nonlinear amplification regimes, the accumulation of SPM results in a distortion of the spectral phase profile. It is therefore important to investigate the compatibility of the nonlinear regime with coherent beam combining. In this Letter, we experimentally investigate the influence of dispersion and SPM effects on the coherent beam combining of two femtosecond fiber chirped-pulse amplifiers. Although coherent combining experiments with non-negligible B-integrals have already been demonstrated [2, 4] , no detailed analysis on dispersion and nonlinear phase management has yet been presented. In this Letter, a way to identify and quantify the various contributions to the non-perfect combining efficiency is described. The measurement of the relative spectral phase between both arms of the combining system allows us to precisely balance the SPM effects, resulting in a combining efficiency of 91% at a B-integral of 6 rad in each amplifier. This method also allows us to determine the spectral and spatial contributions separately. The experimental setup is described in Fig. 1 . A femtosecond Yb 3+ :KYW oscillator delivering 200 fs pulses at 1030 nm and 35 MHz repetition rate is followed by an acousto-optic modulator and a stretcher that broadens the pulses to 100 ps. A half-wave plate with a polarizing beam splitter is used to divide the seed into two arms with adjustable input powers. The first arm consists of a fibercoupled LiNbO3 integrated phase modulator followed by a 1.6 m Yb-doped 30/150 μm large mode area (LMA) fiber amplifier. The second arm contains a 2.4 m single-mode fiber, a free-space delay line, and another 1.6 m of the same LMA fiber. The single-mode fiber is used to match the group-velocity dispersion of both arms, and also acts as a coarse delay matching element. Both amplifiers are seeded with 50 mW average power at 35 MHz and are pumped to deliver identical powers. The outputs of the fiber amplifiers are collimated and overlap on a 50/50 beam splitter. The constructive output of the beam splitter goes to the compressor that exhibits 65% efficiency. The rejected output is followed by a photodiode that detects an error signal to be minimized. The zeroorder active phase control system is the same as described in [3] , with an improved bandwidth of 10 kHz.
By changing the reference phase of the lock-in amplifier in the phase control electronics by π, we are able to switch the 50/50 beam splitter outputs, so that both the combined and rejected beams can be characterized. At the output, the spectra of channels 1 and 2, along with the combined and the rejected beams are measured. The spectrum at the output is given by the standard interference expression for each frequency component,
allowing us to retrieve the absolute value of the relative spectral phase ∆φ(ω) between the two incident beams. As opposed to single pulse complete characterization techniques such as frequency-resolved optical gating, this method is differential and includes zeroth-and first-order contributions of the relative spectral phase. It is therefore well-suited to measuring precisely spectral phase mismatch. For reference, the system is first operated in linear regime at 35 MHz repetition rate. A combined output power of 12.5 W is measured before compression, corresponding to 92 % combining efficiency and stable for several hours. The autocorrelation of the recombined pulse is shown in Fig. 2 , and corresponds to a 230 fs pulsewidth assuming a sech-square shape, a record value for a beam combining experiment. The absolute value of the relative phase is retrieved using the method described above, and is plotted in Fig. 2 along with the combined spectrum. The curve is fitted with the absolute value of a parabola 2 2 1 0 ) ( that takes into account the zeroorder phase, delay and group-velocity dispersion discrepancies respectively. In this expression, the zero frequency is set to be the mean frequency of the pulse. The fit coefficients exhibit a zero-order term φ0 = -0.3 rad, and a delay of 20 fs between the pulses using φ1. The second-order term, which mostly contributes to the efficiency losses, allows an estimation of the pulse duration discrepancy, but cannot be solely attributed to fiber length mismatch. Indeed, the mirrors in the setup are not GVD controlled, and introduce random amounts of second-order phase. Since the phase modulator tracks the maximum efficiency, the zero-order term φ0 is not null and set to partially compensate the high-order contributions. To control the validity of these measurements, we reconstruct the recombined spectrum using the experimental spectra of the two channels and the fitted spectral phase. The result is in excellent agreement with the experiment and corresponds to a combining efficiency of 97%. This implies that 3 % of the overall combining losses are due to spectral effects, while the remaining losses are related to polarization and spatial issues, such as wavefront and beam profile discrepancies and estimated here to 5%. The combining efficiency is also calculated with φ0 varying from 0 to 2π, which simulates the phase modulator tracking. Its curve exhibits a cosine shape with a maximum at 97 % and a corresponding φ0 = -0.2 rad, in good agreement with the measured value for φ0.
To investigate the nonlinear regime, the repetition rate is set to 1 MHz. In that case, each channel experiences a priori the same SPM effects, which should not affect the combining efficiency. In practice, the accumulated nonlinear phase is different, and leads to a significant drop of the combining efficiency. The spectral phase measurement provides a way to measure and compensate for this effect. For moderate SPM effects, the nonlinear contribution in the spectral phase can be expressed as proportional to the spectral shape [7] . With a spectrum shape normalized to 1, the related coefficient is directly the B-integral of the pulse. Considering similar spectra for the incoming pulses, as it is almost the case experimentally, the nonlinear contribution to the relative spectral phase corresponds to the B-integral discrepancy between the two channels, weighted by the initial spectra.
To take into account the nonlinear contribution to the differential spectral phase, the fit expression is modified as
with ΔB the B-integral discrepancy and IN(ω) the normalized fit of one of the two incoming spectra. The study in nonlinear regime is performed in two configurations. The first series of measurements is realized by adjusting the pump powers so that both arms deliver the same output power. The corresponding output power is measured to be 8.8 W and exhibits 86 % combining efficiency, illustrating the nonlinearitiesrelated efficiency drop. The autocorrelation of the two initial and the recombined pulses are shown in Fig. 3 (left). The B-integral experienced by each pulse is estimated around 6 rad. The two incoming pulses do not exhibit the same temporal shape and have experimentally different compression points, although they present similar shapes at best compression. The spectrum of the combined pulses and its associated relative spectral phase are plotted in Fig. 3 (left) . The B-integral discrepancy derived from the phase fit is ΔB = 2.5 rad and the zeroorder phase is now φ0 = -2 rad. The origin of this high value of B-integral discrepancy, despite similar output powers, is not well identified. Possible reasons include differences in injection conditions and polarizations at the input and fiber parameter discrepancy. The retrieved φ2 value is unchanged from the linear case. The delay value is 60 fs, higher than the 20 fs in linear regime. This additional contribution comes from dissymmetry in the combined spectrum that introduces odd-order terms, and can be partially compensated in the setup using the fine delay. The combining efficiency calculated from the spectral data is 90 %, implying here 4 % of spatial overlap related losses. In the second configuration, the nonlinear effects are balanced by tuning the injection and pump powers [8] together with the delay, in order to minimize the rejected power. This is achieved by observing the behavior of the uncombined spectral content and minimizing it carefully. In this situation, the two amplifiers do not deliver the same power and the related efficiency losses are 0.5 %. This new configuration exhibits a combining efficiency of 91 % with 9.2 W output power, i.e. only 1 % less than in linear regime. The autocorrelations of each channel and the combined beam are shown in Fig. 3 (right) . The incoming and combined pulses now share the same shape and compression point. The autocorrelation FWHM is 410 fs, yielding pulse duration of 320 fs according to simulations. The combined spectra are plotted with the relative spectral phase in Fig.3 . Noticeable differences appear between the fit and the experimental data in the middle of the spectrum. This comes from differences between the arms in power (ratio = 0.7) and central wavelength (Δλ = 1 nm) that appear due to the injection condition modifications. The recovered B-integral difference decreases to ΔB = -0.4 rad and the delay to 25 fs. The second-order term still matches the linear regime and thus introduces the same losses. The efficiency calculated from the spectral data is 96 %, showing that the spatial overlap related losses still remain around 5%. Thus, the measurement allows us to improve the system efficiency by balancing the B-integrals in both arms. This operation is gainful even in the present case where it results in slightly imbalanced output power, because the efficiency is much more impacted by phase mismatch than by intensity mismatch.
In conclusion, we demonstrate the coherent beam combining of two fiber chirped-pulse amplifiers with a high-accumulated nonlinear phase of 6 rad and show that the efficiency demonstrated in linear regime can be maintained. The measurement of the relative spectral phase provides a powerful tool to analyze different contributions to the non-ideal combining efficiency This analysis and identification provide guidelines to experimentally optimize coherent combining systems, even in the case of stretcher-free highly nonlinear systems systems delivering sub 100 fs pulses.
